INTRODUCTION
A set of inducible enzymes specified by genes on the TOL plasmid pWWO enables Pseudomonas putida mt-2 to grow on the aromatic hydrocarbons toluene, m-and p-xylene, 3-ethyltoluene, and 1,2,4-trimethylbenzene and their alcohol, aldehyde and carboxylic acid derivatives (Worsey & Williams, 1975; Kunz & Chapman, 1981) . The genes encoding these catabolic enzymes are organized into two regulatory units on the plasmid (Franklin et al., 1983) . Two regulatory genes, xylR and xylS, control the expression of the pathway genes, and a model has been proposed for the regulatory action of the xylR and xylS gene products (Worsey et al., 1978) . In this model the xylR gene product interacts with the hydrocarbon and alcohol substrates to induce expression of both the operon encoding the early enzymes (the 'upper pathway' xylCAB) and the operon encoding the later enzymes (the 'lower or meta pathway' xylDLEGF) of the degradative pathway, whereas the xylS gene product interacts with the carboxylic acid substrates to induce expression of the lower pathway genes only. Both xylR (Franklin & Williams, 1980; Nakazawa et al., 1980) and xylS (Inouye et al., 1981; Franklin et al., 1981) appear to be positively acting regulators, and have been mapped within the 6-4 kb XhoI-D fragment of the TOL plasmid (Franklin et al., 1983; Inouye et af., 1983) .
However, recent evidence has indicated that the model requires some modification, although it remains basically correct. Firstly, it seems that the xylR gene product and its co-inducer are insufficient for the induction of the lower pathway, but induction will occur if a functional xylS gene product is also present, suggesting that some interaction of these components is involved (Franklin et al., 1983; Inouye et al., 1983) . Secondly, there is some evidence that a third regulatory element may exist which interacts specifically with unsubstituted substrates (Franklin et al., 1983) . Before they can be incorporated into the regulatory scheme, however, these observations need to be further clarified.
Isolation and characterization of Tn5 insertions in the xylR and xylS genes
To facilitate isolation of Tn5 insertions in xylR and xylS, pCF20 was constructed by cloning the pWWO XhoI-D fragment into the XhoI site of the broad-host-range vector pRK2501 (see Fig. 1) . The plasmid was then transformed into an E. coli K12 C600 strain carrying a chromosomal Tn5 insertion; 38 Tn5 insertion derivatives were then isolated, of which 17 were found to have insertions in the XhoI-D fragment region of pCF20. These were selected for further study. (Franklin et al., 1983; Inouye et al., 1983) had determined the approximate locations of xylR and xylS on the XhoI-D fragment. Using this information, it was possible to tentatively identify six of the Tn5 mutants as insertions within xylR and eight within xylS. Of these, nine were selected for further study, five from the xylR region and four from the xylS region.
Enzyme induction analysis To test the biochemical activity of the insertion mutations, pCF22 was constructed by cloning the pWWO SstI-D fragment, which specifies the meta pathway genes xylD, xylL and xylE together with their promoter, into pKT240. This vector was chosen as there is no transcription from vector promoters through the SstI site . Each mutant derivative of pCF20 and pCF20 itself was transformed into E. coli SK1592 containing pCF22. Fig. 1 . Derivation of plasmids constructed in this study. pCF20 is the XhoI-D fragment of pWWO cloned in the pRK2501 XhoI site. pCF31 and pCF27 are XhoI-Hind111 subfragments of pKT570 . (Franklin et al., 1983) cloned in pUCS digested with Sun-HindIII. pCF30 is a XhoI-PstI subfragment of pKT570 cloned in pUCS digested with Sun-PstI. Kahn et al. (1979) and this study. Symbols as in Fig. 1 . (b) Sites of Tn5 insertions defining xylS and xylR u) and those outside these genes <n>. The position of xylS and the probable 5'-end of xylR have been determined in this study. Arrows indicate the direction of transcription of these two genes.
these strains were then grown under non-inducing (L-broth) and inducing conditions (L-broth plus rn-toluate, benzoate or rn-methylbenzyl alcohol) and the levels of catechol 2,3-oxygenase activity measured.
According to the current interpretation of the regulatory model (Worsey et al., 1978 ; Franklin et al., 1983 ) the strains carrying xylR insertion mutants should show induced catechol 2,3-oxygenase activity following growth in the presence of rn-toluate or benzoate but not after induction with m-methylbenzyl alcohol. In strains carrying xylS mutants, catechol 2,3-oxygenase should not be induced by any of the substrates, although, if the proposed third regulatory gene (Franklin et al., 1983) were present on pCF20, induction by benzoate would occur. Table 1 shows the catechol 2,3-oxygenase activities of derivatives of SK1592bCF22) containing the nine pCF20 insertion mutants selected. Of those containing the five putative xylR mutants, three, namely pCF20 : : Tn5-7.3, -41.2 and -30.1, show induction with m-toluate but not with m-methylbenzyl alcohol, which is the predicted phenotype of xyZR mutants. The others, pCF20 : : Tn5-45.1 and -2.1 show induction with both substrates and therefore are not insertions within the xylR gene. Of the strains containing pCF2O: :Tn5 insertions that map around the xylS region, three, pCF20 : : Tn5-7.1, -31.1 and -26.1 show no induction by either mtoluate or benzoate, consistent with the expected phenotype of xylS mutants. pCF20 : : Tn5-34.2 permits induction with benzoate and m-toluate and thus is not an xylS mutant.
Identijication of the xylR polypeptide products using E. coli maxicells
To attempt identification of the xylR gene product, the pCF20 : : Tn5 derivatives described above, pCF20 and the vector pRK2501 were transformed separately into the E. coli maxicell strain CSR603. In addition, two pUC8 derivatives were constructed, pCF3 1 specifying the entire xylR coding region, and pCF30 in which a segment of the xyZR gene has been deleted (see Fig. 1 ). These, and pUC8, were also introduced into CSR603. Maxicells were prepared from these CSR603 derivatives and were incubated with [ 35S]methionine. The plasmid-specified polypeptide products were analysed by SDS-PAGE and autoradiography.
Comparison of the products from pUC8, pCF30 and pCF31 ( Fig. 3 ) reveals the presence in the latter of a 68 kDa polypeptide which is absent in the other tracks. This polypeptide is also produced by maxicells containing pCF20 and the xylR+ derivatives pCF20 : : Tn5-2.1 and -45.1, but is absent in those containing pCF20 : : Tn5-7.3, -30.1 and -41.2, leading to the conclusion that this is indeed the xyZR gene product.
Similar experiments designed to identify the xylS gene product failed to produce a visible candidate on the maxicell gels. One possible explanation is that the polypeptide co-migrates with one of the other polypeptides specified by the plasmids analysed. Deletion of the neomycin xylR. The 570 bp BglII fragment of pCF30 was ligated into the BamHI site of M13mp18; clones in opposite orientations were used to determine the sequence at each end (1,2; full arrows). The sequence was completed by constructing deletion derivatives using Ex0111 and S1 nuclease, according to Henikoff (1984) (1, 2; half arrows), and by subcloning of Sau3A fragments (3).
xylS. The 1630 bp BglII-EcoRI fragment of pCF27 was cloned into M13mp18 cut with BamHI and EcoRI to generate M13bE2 (4; full arrow). Deletions were made as above to provide a continuous sequence (4; half arrows). The 1630 bp BarnHI-PstI fragment of M13bE2 was prepared from the double-stranded replicative form and was ligated to M13mp19 cut with BurnHI and PstI. Deletions were made as above to generate clones for sequencing (5).
In order to link the sequences of xylS and xylR correctly, pCF30 was cut with HincII and ligated in a large volume to make pCF30Ah2, the 1-1 kb HindIII-EcoRI fragment of which was cloned into M13mp19 for sequencing (6). To further extend the sequence of the 5' end of xylR, pCF30Ah2 was cut with BglII and ligated in a large volume to generate pCF30Ah2Ab2, the 590 bp HindIII-EcoRI fragment of which was sequenced after cloning into M13mp19 (7).
phosphotransferase I1 encoded by Tn5 also failed to reveal a putative xyZS polypeptide (data not presented). However, a candidate did emerge from the sequencing studies and is presented below.
DNA sequencing
The nucleotide sequence presented in Fig. 5 was obtained using the strategy outlined in Methods and Fig. 4. xylS. The position of xylS had been previously determined by mapping of transposon insertion mutations. Sequencing reveals a 963 bp open reading frame (ORF), terminating in the codon TGA, that is capable of encoding an unmodified product of 36.5 kDa, and is in the region expected to contain xylS. No other ORF of similar length is present on either strand in this region. That this ORF is indeed the xylS gene is further suggested by the sequence of pCF20: :Tn5-26.1; the transposon interrupts this ORF after base 258 (data not presented). Upstream of this ORF is a purine-rich region (Fig. 6 ) with some similarities to that upstream of 
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. 1100 xylE (Nakai et al., 1983) , in particular a pentanucleotide with complementarity to the 3' end of 16s rRNA of Pseudomonas aeruginosa and a tetramer complementary to part of the 3' end of 16s rRNA of E. coli: thus, this region may be a ribosome-binding site. There are no clear candidates, on the basis of comparing nucleotide sequences, of either E. coli-like (Hawley & McClure, 1983) or Pseudomonas-like (Mermod et al., 1984) promoters.
xylR. The approximate position of xylR and its direction of transcription can be deduced from the following points. (i) It must lie between the sites of insertion of pCF20: :Tn5-45.1 and -2.1, and must lie over the mapped positions of pCF20: :Tn5-7.3, -41.2, -3.1 and -30.1, giving maximum and minimum sizes of 2-2 kb and 0.6 kb, respectively, (ii) The polypeptide product of xyZR is approximately 68 kDa, giving an estimated gene size of 1*5-2-0 kb, in reasonable agreement with the estimate of point (i). (iii) An RNA polymerase binding site likely to be the xylR promoter has been mapped on the XhoI-D fragment 1.98 & 0.06 kb from its left-hand terminus (on Fig. 2) (Franklin et al., 1983) . (iv) The 450 bp HindIII subfragment of the XhoI-D fragment (Fig. 2) is required for xylR expression (Inouye et al., 1983) ; thus, one terminus of xylR lies near the insertion of pCF20: :Tn5-2.1. (v) pCF30 produces a truncated product of -30 kDa; this in conjunction with (iii) indicates transcription from left to right in Fig. 1 .
Thus, xylR is expected to lie such that the end encoding the amino-terminus of the product is -2 kb from the XhoI site of pCF31, and with the end encoding the carboxy-terminus of the product in the 450bp HindIII fragment of pCF31. In this position, nucleotide sequencing reveals the 5' end of an ORF that probably corresponds to xylR. Immediately upstream of this is a clear candidate for a ribosome-binding site (Shine & Dalgarno, 1974) ; indeed, the region flanking the AUG initiator codon is very similar in base-constitution to typical E. coli genes (W101 = 35; Stormo et al., 1982) . W 101 is a weighting function that can distinguish E. coli translational starts in linear DNA sequences and which has good predictive ability. Furthermore, there are two candidates for a Pseudomonas-like promoter upstream, near the position expected from mapping of RNA polymerase binding sites (Franklin et al., 1983) .
Intergenic region. Direct and inverted repeats have been identified and are shown in Fig. 5 . Further experiments are required to determine whether these have any biological functions.
DISCUSSION
In this study, we describe the isolation of Tn5 insertion mutant derivatives of the TOL XhoI-D fragment, the functional characterization of such insertion mutations within the xylR (Tn5-7.3, -41 -2, -30.1) and xylS (Tn5-7.1, -31.1, -26.1) regulatory genes of the TOL degradative pathway and their utilization along with pUC8 derivatives pCF30 and pCF31 to attempt identification of the polypeptide products of the regulatory genes. The mapped locations of the insertions within the genes and of those flanking the genes reveal more precisely the locations and extents of xylR and xylS within the XhoI-D fragment of the TOL plasmid pWW0. Since the submission of this paper for publication, Inouye et al. (1985) have published essentially similar results to those of this study for the xylR region.
The xylR mutants described show induction of the lower pathway, measured by catechol2,3-oxygenase activity, in the presence of m-toluate but not m-methylbenzyl alcohol, as expected from the model for regulation of the TOL catabolic pathway and from previous reports. A polypeptide product of -68 kDa has been identified as the xylR gene product. The direction of transcription of xylR can be inferred as being from left to right in Fig. 1 , by comparing the polypeptides produced in pCF30 and pCF3 1, since the XhoI-PstI fragment contained in pCF30 produces a truncated polypeptide. DNA sequencing has identified an ORF of at least 21 5 bases on the DNA strand encoding xylR, and in the position expected. A polypurine tract immediately upstream probably contains a ribosome-binding site since it shows complementarity to the 3'-end of P. aeruginosa 16s rRNA (Shine & Dalgarno, 1975) and to the sequences thought to bind ribosomes in the transcripts of xylC (Inouye et al., 1984) and xylE (Nakai et al., 1983) . Further upstream of this are two candidates for Pseudomonas-like promoters. Preliminary experiments show that one of these (positions -137 to -163, Fig. 5 ) binds E. coli RNA polymerase and is thereby protected from DNAase digestion. Although E. coli and P. putida RNA polymerases make identical contacts with E. coli promoters (Gragerov et al., 1984) , Pseudomonus promoters may bind each of these enzymes differently. Studies on this are currently in progress.
The xylS mutants described here show no induction of the lower pathway in the presence of either m-toluate or benzoate. It has been reported (Franklin et al., 1983 ) that in xylS Tn5 mutants in pWW0-161, the lower pathway can be induced by benzoate, indicating the possibility of a third regulatory element. The absence of induction by benzoate in the three xylS mutants studied here strongly suggests that the proposed third element does not reside on the pWW0 XhoI-D fragment.
Although no clear candidate for the xylS polypeptide can be seen on maxicell gels, we expect it to be -36 kDa in size since an ORF capable of encoding such a product is present, and is interrupted by Tn5-26.1. This ORF, designated xylS, is transcribed from right to left in Fig. 1 . xylS and the region upstream have some unusual features. (i) Notwithstanding the regions of complementarity identified with E. coli 16s rRNA (see Results) the region is probably a poor ribosome-binding site (at least in E. colz), since the spacing between the Shine-Dalgarno candidate and the initiator codon is too small to fulfil the simple 'rule' of Gold et al. (1981) . Furthermore, the region flanking the AUG initiator has a base constitution very unlike those flanking the starts of typical E. coli genes (W101 = -188, using the algorithm of Stormo et al., 1982) . (ii) There are no clear candidates for an E. coli-like promoter or, indeed, for a Pseudomonas-like promoter. Both of these factors may contribute to the low level of expression of xylS noted in E. coli.
In addition the ORF designated xylS has an unusual codon usage that differs from that of the mercuric reductase gene on Tn.501 (Brown et al., 1983) , xylE (Nakai et al., 1983 ) and the carboxypeptidase G2 gene (Minton et al., 1984) in two ways that may be significant (Table 2) . Firstly codons UUA (Leu), AUA (Ile), and AGA and AGG (Arg) are used, and secondly there is no excess of G or C in the third position for amino acids His, Gln, Asn, Lys and Asp. A parallel may be seen between xylS, with its use of very rare codons, and the dnaG gene (and other regulatory genes) of E. coli (Konigsberg & Godson, 1983) , which uses a high percentage of rare codons and is subject to low expression. It has been suggested (Minton et al., 1984 ) that the bias of Pseudomonas genes towards codons ending in C or G contributes to the low expression of these genes in E. coli. Whether this is true of xylR is unknown; of the ORF most likely to represent the 5' end of xylR, only 71 codons have been determined in this study, none of which are unusual. As might be expected for a regulatory gene, xylS has an excess (+ 15) of basic amino acids (Lys, Arg, His) over acidic (Glu, Asp).
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